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VSHFWUXP SDVVHV WKURXJK WKH WUDQVSDUHQW DQG KHDWV WKH DEVRUEHQW SDUWQHU FORVH WR WKH LQWHUIDFH 7KH WUDQVSDUHQW
SRO\PHU LVPDLQO\ KHDWHGYLD KHDW FRQGXFWLRQ7KH EHDP LV JXLGHGZLWK KLJK IHHG UDWH Y!PV VHYHUDO WLPHV
DORQJ WKHZHOG WUDMHFWRU\ZKLFK OHDGV WR D QHDUO\ VLPXOWDQHRXV KHDWLQJ RI WKH HQWLUHZHOG FRQWRXU$W ILUVW WKH
MRLQLQJSDUWQHUVDUHH[SDQGLQJGXHWRWKHKHDWLQVHUWLRQDQGWKLVOHDGVWRDQHJDWLYHFRXUVHLQWKHEHJLQQLQJRIWKH
VHWSDWK 7KH VWLIIQHVV LQ WKH MRLQLQJ ]RQH UHGXFHV VWHDGLO\ XQWLO WKH VWUXFWXUH FDQQRW UHVLVW WKH DSSOLHG FODPSLQJ
IRUFH)URPWKLVSRLQWRQZKLFKLVUHIHUUHGDVVTXHH]HIORZWUDQVLWLRQSRLQWDSDUWRIWKHPHOWLVWUDQVSRUWHGRXWRI
WKH MRLQLQJ]RQHZKLFKFDXVHVDSRVLWLYHFRXUVHRI WKHVHWSDWKDQGDZHOG LV IRUPHGVHHILJULJKW$WKHUPDO
HTXLOLEULXPDULVHVLQZKLFKDSDUWRIWKHLQGXFHGKHDWFDXVHVDFRQWLQXRXVSODVWLFL]DWLRQRIWKHSRO\PHUVZKLOHWKH
UHPDLQLQJDPRXQWLVVTXHH]HGRXWRIWKHMRLQLQJ]RQH+LHUO

)LJ3URFHVVSULQFLSOHRITXDVLVLPXOWDQHRXVODVHUWUDQVPLVVLRQZHOGLQJOHIWDQGDFURVVVHFWLRQRIDW\SLFDOZHOGPLGGOHDVZHOODVDVNHWFK
RIWKHVHWSDWKGXULQJZHOGLQJULJKW
7KHSDUWVIRUODVHUWUDQVPLVVLRQZHOGLQJDVVHPEOLHVDUHSUHGRPLQDQWO\SURGXFHGLQWKHLQMHFWLRQPROGLQJSURFHVV
$GHTXDWHSURFHVVSDUDPHWHUVDUHRIWHQIRXQGLQDFRPSURPLVHEHWZHHQUHVLGXDOVWUHVVHVDQGZDUSDJHRIWKHSDUWV
ZKHUHE\ SDUWV HQWLUHO\ZLWKRXW GLVWRUWLRQ FDQQRW EH SURGXFHG %\ FODPSLQJ WZR LQMHFWLRQPROGHG SDUWV IRU ODVHU
WUDQVPLVVLRQZHOGLQJ LW LV WKHUHE\ REYLRXV WKDW JDSV DUH UHPDLQLQJ +RIIPDQQHWDO ,Q RUGHU WR SURGXFH
ZHOGVZLWKRXWOHDNDJHZKLFKLVRQHRIWKHPDLQUHTXLUHPHQWVIRUODVHUWUDQVPLVVLRQZHOGVLWLVQHFHVVDU\WRFORVH
LQLWLDOJDSVGXULQJZHOGLQJ6FKPLWWHWDO)XUWKHUPRUHWKHWHPSHUDWXUHLQWKHJDS]RQHLVPXFKKLJKHUWKDQ
LQXQLQWHUUXSWHGUHJLRQVZKLFKLVFDXVHGE\WKHQRQSUHYDOHQWKHDWFRQGXFWLRQLQWKHJDS]RQH:LSSRHWDO
7KHDYRLGDQFHRIUHDFKLQJWKHGHFRPSRVLWLRQWHPSHUDWXUHRIWKHSRO\PHULQWKHJDS]RQHLVWKHUHE\DPDQGDWRU\
EHFDXVHWKHDSSHDUDQFHOHDGVWREOLVWHUVRUWRHPLVVLRQRIIXPHV(VSHFLDOO\IRUPHGLFLQHDSSOLFDWLRQVDSUHUHTXLVLWH
LVWRSUHFOXGHVXFKHUURUVLQRUGHUWRDFKLHYHDFOHDQZHOGDWH[WUDRUGLQDU\KLJKVWDQGDUGV
6LQFH RQO\ D IHZ WHQWKV RI D PLOOLPHWHU FDQ EH EULGJHG LQ WKH VWDQGDUG FRQILJXUDWLRQ RI FRQWRXU ZHOGLQJ
YDQGH9HQHWDOLWLVDSSURSULDWHWRLPSURYHWKHSRRUJDSEULGJLQJFDSDELOLW\E\HQODUJLQJWKHZHOGSRRO
)RU LQVWDQFH WKLV FDQ EH GRQH E\ D VSHFLDO RVFLOODWLRQ RI WKH ODVHU EHDP 'HYULHQWHWDO RU E\ DGGLQJ D
VHFRQGDU\UDGLDWLRQVRXUFH+RIPDQQ:KHQXVLQJTXDVLVLPXOWDQHRXVZHOGLQJZKLFKLVWKHSUHGRPLQDQWO\
XVHG ZHOGLQJ YDULDQW ZKHQ D KHUPHWLFDOO\ VHDOHG ZHOG LV UHTXLUHG WKH JDSEULGJLQJ FDSDELOLW\ LV PXFK EHWWHU
FRPSDUHGWRFRQWRXUZHOGLQJEHFDXVHWKHMRLQLQJSDUWQHUVDUHPHOWHGGRZQFRQWLQXRXVO\DWWKHHQWLUHZHOGFRQWRXU
YDQGH9HQHWDO
1HYHUWKHOHVVZHOGVHDPLQWHUUXSWLRQVFDQDSSHDUZKHQWKHTXDVLVLPXOWDQHRXVZHOGLQJWHFKQLTXHLVXVHG7KRVH
JDSV FDQ EH LGHQWLILHG E\ WKH WHPSHUDWXUH LQ WKH ZHOG VHDP DQG REVHUYHG GXULQJ WKH ZHOGLQJ SURFHVV
:LSSRHWDO ,Q RUGHU WRPHDVXUH WKH WHPSHUDWXUH LQ WKH ODVHU LQWHUDFWLRQ ]RQH LW LV DSSURSULDWH WR XVH D
VFDQQHU ZLWK FRD[LDOO\ FRXSOHG S\URPHWHU %\ WKLV ODVHU EHDP DQG GHWHFWLRQ VSRW DUH JXLGHG V\QFKURQRXVO\
$FNHUPDQQDQG+RUQ,QFRQWUDVWWRWKHRSWLFDOFRKHUHQFHWRPRJUDSK\ZKHUHWKHVL]HDQGHVSHFLDOO\
WKH SURJUHVV RI D FORVLQJ JDS FDQ EH WUDFNHG DOVR 6FKPLWWHWDO WKH GHWHFWLRQ RI RYHUKHDWHG UHJLRQV LV
LQFOXGHG1HYHUWKHOHVVRSWLFDODEHUUDWLRQVDSSHDUE\LQWHJUDWLQJDS\URPHWHU LQWRDVFDQQHUZLWKIWKHWDRSWLF LID
FRPPHUFLDOO\ DYDLODEOH S\URPHWHU ZLWK D VSHFWUDO UDQJH RI VHQVLWLYLW\ EHVLGH WKH ODVHUZDYHOHQJWK LV XVHG$V D
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UHVXOW WKH EHDP SDWKV RI ODVHU DQG WKHUPDO UDGLDWLRQ DUH RQO\ FRD[LDO LQ WKH FHQWHU RI WKH ZRUNLQJ ILHOG
:LSSRHWDO7KHRIIVHWEHWZHHQODVHUEHDPDQGGHWHFWLRQVSRWULVHVZLWKLQFUHDVLQJGLVWDQFHEHWZHHQODVHU
EHDPDQGFHQWHUSRVLWLRQZKLFKUHVWULFWV WKHXVDEOHVL]HRI WKHZRUNLQJILHOG:LSSRHWDO7RFRXQWHUDFW
WKLVDFRORXUFRUUHFWHGIWKHWDRSWLF+RUQRUDIWKHWDRSWLFZLWKVOLJKWGLVSHUVLRQFDQEHXVHGIRULQVWDQFH
RQHPDGHRXWRI&D)ZKLFKLVXVHGLQ:LSSRHWDO2EYLRXVO\WKHWKHUPDOUDGLDWLRQLVDWWHQXDWHGE\XVLQJ
WKHILUVWPHQWLRQHGYDULDQW7KHVHFRQGRQHVKRZVDPLQRUDWWHQXDWLRQRIWKHWKHUPDOUDGLDWLRQ:LSSRHWDO
EXWGLVSHUVLRQDQGKHQFHDGULIW LQSRVLWLRQRIERWKVSRWV LV VWLOOJLYHQ$QRWKHUSRVVLELOLW\ WRRYHUFRPH WKLV LV WR
E\SDVVWKHIWKHWDRSWLFE\JXLGLQJWKHWKHUPDOUDGLDWLRQLQDVHSDUDWHGEHDPSDWKZKLFKLQFOXGHVDIRFXVLQJXQLW
DQG D VHFRQG FRXSOH RI PLUURUV 'LWWPDUHWDO 2Q WKH RQH KDQG WKH GHWHFWLRQ VSRW FDQ EH GHIOHFWHG
LQGHSHQGHQWO\WRWKHODVHUEXWRQWKHRWKHUKDQGODVHUDQGGHWHFWLRQVSRWKDYHWREHJXLGHGLQKLJKDFFXUDF\DQGRQ
WRSRIWKDWV\QFKURQRXVO\)LQDOO\WKHIWKHWDOHQVFDQEHRPLWWHGFRPSOHWHO\LIWKHRSWLFDOGHVLJQRID'VFDQQHU
LVXVHGDWZKLFKWKHODVHUEHDPLVGHIOHFWHGEHKLQGWKHIRFXVLQJOHQVDQGQRWWKHRSSRVLWHZD\OLNHLWLVLQDVFDQQHU
ZLWKIWKHWDRSWLF2IRXWVWDQGLQJDGYDQWDJHLVWKDWODVHUDQGGHWHFWLRQVSRWDUHDOZD\VLQDFRD[LDODUUDQJHPHQWHYHQ
WKRXJKWKHEHDPLVGHIOHFWHG0RUHRYHURQO\DZHDNDWWHQXDWLRQRIWKHWKHUPDOUDGLDWLRQLVJLYHQ2QWRSRIWKDW
SDUWVZLWKDWKUHHGLPHQVLRQDOZHOGFRQWRXUFDQEHZHOGHG
,QSUHYLRXVVWXGLHV LWFRXOGEH IRXQG WKDW WKH WHPSHUDWXUHGXULQJZHOGLQJFDQEHSUHFLVHO\DQDO\]HGHYHQDWD
IHHG UDWH RI PV DQG WKDW WKH VLJQDOQRLVH UDWLR LV DGHTXDWH WR HPEHG D SURFHVV FRQWURO VWUDWHJ\
'RVWDOHNHWDO(VSHFLDOO\ D FORVLQJ JDS FDQEH LQGLFDWHG UHOLDEO\ RQ WKH EDVLV RI WKH WHPSHUDWXUH FRXUVH
6FKPDLO]OHWDO+RZHYHUWKHSURJUHVVRIWKHWHPSHUDWXUHLQFRUUHODWLRQWRWKHDFWXDOVL]HRIDJDSLVQRW\HW
LQYHVWLJDWHGIRUTXDVLVLPXOWDQHRXVODVHUWUDQVPLVVLRQZHOGLQJ
,QWKLVDSSURDFKWKHWHPSHUDWXUHLVPHDVXUHGZKLOHZHOGLQJSRO\HWK\OHQHVDPSOHVZLWKSUHGHILQHGJDSV,QRUGHU
WR ILQG D FRUUHODWLRQ EHWZHHQ WKH DFWXDO WHPSHUDWXUH VLJQDO DQG WKH JDS FRQGLWLRQZKLOH ZHOGLQJ WKH VHWSDWK LV
PHDVXUHGVLPXOWDQHRXVO\7RXQGHUVWDQGWKHLQWHUDFWLRQEHWZHHQWHPSHUDWXUHILHOGDQGGHIRUPDWLRQRI WKHZHOGHG
VDPSOHV WKHUPRPHFKDQLFDOSURFHVVVLPXODWLRQVDUHSHUIRUPHG)LQDOO\ WKHZHOGHGVDPSOHVDUHDQDO\]HGLQ&7
PHDVXUHPHQWVLQRUGHUWRGHWHUPLQHWKHPHOWEORZRXWLQWKHJDS]RQHDQGUHPDLQLQJJDSV
7HPSHUDWXUHFRXUVHDORQJWKHZHOGFRQWRXUDQGVHWSDWKSURJUHVVLRQ
,QRUGHUWRPHDVXUHWKHWHPSHUDWXUHLQWKHODVHULQWHUDFWLRQ]RQHWKHKHDWUDGLDWLRQHPLWWHGIURPWKHMRLQLQJ]RQH
LV VHSDUDWHG LQVLGH D 'VFDQQHU E\ D GLFKURLF PLUURU DQG DIWHUZDUGV IRFXVHG LQWR D ILEHUFRXSOHG EURDGEDQG
S\URPHWHUVHHILJ

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
)LJ2SWLFDOVHWXSRID'VFDQQHUZLWKLQWHJUDWHGEURDGEDQGS\URPHWHU
7R HQVXUH WKDW WKH PHDVXUHG KHDW UDGLDWLRQ FDQ SDVV WKURXJK WKH XSSHU MRLQLQJ SDUWQHU ZLWK RQO\ VOLJKW
DWWHQXDWLRQWKHVSHFWUDOUDQJHRIWKHS\URPHWHUKDVWREHEHORZɉൎP+RZHYHUWKHPD[LPXPLQWKHHPLVVLRQ
VSHFWUXPLVDWDZDYHOHQJWKDERYHWKHEHIRUHVWDWHGOLPLW:LWKUHJDUGWRWKHVHUHVWULFWLRQVLWLVDSSURSULDWHWRXVHD
S\URPHWHUZKLFKKDVDVHQVLWLYLW\UDQJHFORVHWRWZRPLFURQV+RIPDQQHWDO
7KHKLJKEHDPTXDOLW\RIWKHXVHG\WWHUELXPILEHUODVHUQHFHVVLWDWHVGHIRFXVHGZHOGLQJLQRUGHUWRKRPRJHQL]H
WKH SRZHU GHQVLW\ GLVWULEXWLRQ LQ WKH MRLQLQJ ]RQH 7KH IRFDO OHQJWK RI WKH HQWLUH V\VWHP FDQ EH FKDQJHG E\ D
PRYDEOHOHQVWKHVRFDOOHGIRFXVVKLIWHU$QDGMXVWPHQWRIWKHIRFDOOHQJWKLVQHHGHGLQRUGHUWRZHOGFRPSRQHQWV
ZLWKDSODQDURUHYHQZLWKDWKUHHGLPHQVLRQDOZHOGFRQWRXU%\WKLVWKHLPDJHUDWLRRIWKHKHDWUDGLDWLRQFKDQJHV
ZKHUHE\ WKH GHWHFWLRQ VSRW GLDPHWHU DQG KHQFH WKH PHDVXUHG VLJQDO FKDQJHV WRR 7KLV FRQVWLWXWLRQ FDXVHV D
PHDVXUHPHQWHUURU LI ODUJHGHIOHFWLRQVDUHQHHGHG7KHHUURUFDQEHQHJOHFWHG LI WKHGHIOHFWLRQVDUHVOLJKWZKLFK
PHDQVWKDWRQO\DVPDOODGMXVWPHQWRIWKHIRFDOOHQJWKLVUHTXLUHG6FKPDLO]OHWDO
,Q RUGHU WR DOORFDWH WKH PHDVXUHG WHPSHUDWXUH WR D SRVLWLRQ RQWR WKH VDPSOH WKH WLOWDQJOH RI WKH PLUURUV LV
PHDVXUHGVLPXOWDQHRXVO\ZKLOHZHOGLQJ7KH7MRLQWVDUHSRVLWLRQHGPPRXWVLGHWKHFHQWHURIWKHZRUNLQJILHOG
WRSUHFOXGHDPHDVXUHPHQWHUURUEDVHGRQGLUHFWUHIOHFWHGODVHUUDGLDWLRQVHHILJ


)LJ$OLJQPHQWRIWKHVDPSOHVOHIWDQGDVNHWFKRIWKHVFDQQLQJSURFHGXUHULJKW
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/DVHUDQGGHWHFWLRQVSRWDUHGHIOHFWHG IURPSRV, WRSRV,,ZKLOH WKH ODVHU LVRQDQGDIWHUZDUGVEDFN WRSRV,
ZKLOHWKHODVHULVRII+HQFHWKHWHPSHUDWXUHVLJQDOFRQVLVWVRIDQLUUDGLDWLRQDQGDFRROLQJSHULRGZLWKLQHDFKVFDQ
UHSHWLWLRQ7KLVVFDQQLQJSURFHGXUHLVUHSHDWHGXQWLOWKHGHVLUHGVHWSDWKFULWHULRQVF PPLVUHDFKHG7KHIHHG
UDWH LQ ERWK GLUHFWLRQV LV Y PV :LWK UHJDUG WR WKH VDPSOLQJ IUHTXHQF\ RI WKH S\URPHWHU I N+] WKH
WHPSHUDWXUH LVPHDVXUHGDWHYHU\PPDORQJ WKHZHOGFRQWRXU ,QRUGHU WRHQVXUHDQHDUO\ LGHDOKHDW WUDQVIHU
EHWZHHQWKHMRLQLQJSDUWQHUVWKHFRQWDFWVXUIDFHRIWKHDEVRUEHQWSRO\PHURIHDFK7MRLQWKDVEHHQPLOOHG
)LJXUHVKRZVWKHWHPSHUDWXUHVLJQDOIRUSRO\HWK\OHQHVDPSOHVZLWKSUHGHILQHGJDSVYHUWLFDOFHQWHU


)LJ7HPSHUDWXUHVLJQDORIZHOGVZLWKSUHGHILQHGJDSVVKRZQLQGHSHQGHQF\WR[SRVLWLRQDQGVFDQUHSHWLWLRQUIRUDOOVFDQUHSHWLWLRQVXQWLO
WKHVHWSDWKFULWHULRQLVUHDFKHGWRSDVZHOODVIRUKLJKOLJKWHGVFDQUHSHWLWLRQVERWWRP
,QXQLQWHUUXSWHGUHJLRQVWKHWHPSHUDWXUHVLJQDOLQFUHDVHVZLWKDW\SLFDOH[SRQHQWLDOSURJUHVVLRQVLQFHDFRQVWDQW
ODVHUSRZHULVXVHG+RZHYHULQVLGHWKHJDSDWHPSHUDWXUHSHDNDSSHDUVZKLFKLQFUHDVHVPXFKVWHHSHUFRPSDUHGWR
DGMDFHQW]RQHVE\SHUIRUPLQJIXUWKHUVFDQUHSHWLWLRQV7KHZLGWKRIWKHWHPSHUDWXUHSHDNUHGXFHVVWHDGLO\ZLWKHDFK
IXUWKHUVFDQVHHILJERWWRP$WDFHUWDLQWLPHWKHWHPSHUDWXUHSHDNGURSVLPPHGLDWHO\IRUWKHZHOGVZLWKDJDS
GHSWKRIPPDQGPPVHHILJOHIWDQGPLGGOH1HYHUWKHOHVVWKHPHDVXUHGWHPSHUDWXUHLQWKHJDS]RQHLV
VWLOO LQFUHDVHGFRPSDUHG WR WKH WHPSHUDWXUH OHYHO LQXQLQWHUUXSWHG]RQHV7KLVGHYLDWLRQGHFUHDVHVIRUIXUWKHUVFDQ
UHSHWLWLRQV%\ UHDFKLQJ WKH GHVLUHG VHWSDWK WKH WHPSHUDWXUH GHYLDWLRQ LV GLVDSSHDUHG EHWZHHQ WKH XQLQWHUUXSWHG
]RQH DQG WKH JDS ]RQH IRU WKH ZHOG ZLWK PP JDS GHSWK )RU WKH RWKHU LQYHVWLJDWHG VDPSOHV D VLJQLILFDQW
WHPSHUDWXUHGHYLDWLRQUHPDLQV$YHU\KLJKGHYLDWLRQLVJLYHQIRUWKHZHOGZLWKDJDSGHSWKRIPPDWWKHHQGRI
ZHOGLQJ$GGLWLRQDOO\QRGURSLQWHPSHUDWXUHRFFXUV
1078   Anton Schmailzl et al. /  Physics Procedia  83 ( 2016 )  1073 – 1082 
,QRUGHUWRLQWHUSUHWWKHWHPSHUDWXUHVLJQDOPRUHGHWDLOHGZLWKDYLHZRQJDSEULGJLQJWKHVHWSDWKLVPHDVXUHG
VLPXOWDQHRXVO\)LJVKRZVWKHWHPSHUDWXUHFRXUVHLQWKHPLGGOHRIWKHJDSDVZHOODVLQDQXQLQWHUUXSWHGUHJLRQ
LQFRPSDULVRQWRWKHVHWSDWK


)LJ7HPSHUDWXUHFRXUVHLQWKHJDSDVZHOODVLQWKHXQLQWHUUXSWHG]RQHLQFRPSDULVRQWRWKHPHDVXUHGVHWSDWKH[WUDFWHGIURPWKHLUUDGLDWLRQ
SHULRGRIWKHWHPSHUDWXUHGDWDVKRZQLQILJ
'XHWRWKHVHWSDWKFULWHULRQRIPPRQHFDQH[SHFWWKDWWKHJDSVZLWKDGHSWKRIPPDQGPPZLOOEH
FORVHGGXULQJZHOGLQJDQGWKDWDUHVLGXDOJDSUHPDLQVIRUWKHZHOGZLWKPPJDSGHSWK7KLVFDQEHVHHQFOHDUO\
LQWKHWHPSHUDWXUHFRXUVHZKLFKFDQEHVHSDUDWHGLQWRWKUHHVHFWLRQV
x 6HFWLRQ,'XHWRWKHQRQSUHYDOHQWKHDWFRQGXFWLRQEHWZHHQWKHMRLQLQJSDUWQHUVWKHWHPSHUDWXUHLQWKHJDS
]RQHULVHVPXFKVWHHSHUWKDQLQDGMDFHQW]RQHV$WWKHPRPHQWZKHQWKHJDSLVFORVLQJWKHKHDWEDODQFHDW
WKH JDS ]RQH LV FKDQJHG DEUXSWO\ )URP QRZ RQ WKHUPDO HQHUJ\ LV WUDQVIHUUHG WR DGMDFHQW ]RQHV YLD KHDW
FRQGXFWLRQRUOHDYHVWKHMRLQLQJ]RQHGXHWRWKHEHJLQQLQJPHOWIORZ7KLVLQGLFDWHVWKDWWKHSRLQWLQWLPHIRU
FORVLQJWKHJDSLVHTXDOWRWKHPRPHQWDWZKLFKWKHGURSLQWKHWHPSHUDWXUHVLJQDORFFXUV7KHDEVHQFHRIWKH
GURSLQWHPSHUDWXUHVLJQDOIRUWKHZHOGZLWKDJDSRIPPVLJQDOL]HVDUHPDLQLQJIDXOW]RQHDWWKHHQGRI
ZHOGLQJ
x 6HFWLRQ,,7KHPHDVXUHGWHPSHUDWXUHLQWKHJDS]RQHLVVWLOOLQFUHDVHGFRPSDUHGWRDGMDFHQW]RQHV7KHJDS
LVDOUHDG\FORVHGEXWWKHWHPSHUDWXUHGLVWULEXWLRQEHWZHHQWKHMRLQLQJSDUWQHUVLQWKHJDS]RQHLVQRWHTXDOWR
WKH GLVWULEXWLRQ LQ XQLQWHUUXSWHG ]RQHV 7KHUPDO HQHUJ\ LV SULPDULO\ WUDQVSRUWHG IURP WKH RYHUKHDWHG
DEVRUEHQWSRO\PHUWRWKHWUDQVSDUHQWRQH$GGLWLRQDOO\PROWHQPDWHULDOLVDOVRVTXHH]HGRXWRIWKHMRLQLQJ
]RQH %\ WKLV WKH GHYLDWLRQ LQ WKH WHPSHUDWXUH GLVWULEXWLRQ EHWZHHQ JDS ]RQH DQG XQLQWHUUXSWHG ]RQHV
UHGXFHVVWHDGLO\ZKLFKFDQEHIRXQGLQWKHWHPSHUDWXUHVLJQDORIWKHJDSVZLWKPPGHSWKDQGPP
GHSWKVHHILJOHIWDQGPLGGOH
x 6HFWLRQ,,,$IWHUSHUIRUPLQJDFHUWDLQDPRXQWRIVFDQUHSHWLWLRQVDQHTXDOWHPSHUDWXUHGLVWULEXWLRQLVJLYHQ
DORQJWKHZHOGFRQWRXU%\UHDFKLQJWKLVVHFWLRQLWFDQEHVWDWHGWKDWWKHJDSLVDOUHDG\FORVHGDQGWKDWWKH
WKHUPDOFRQGLWLRQVDORQJWKHHQWLUHZHOGFRQWRXUDUHHTXDO

%\DQDO\]LQJWKHWHPSHUDWXUHVLJQDOLQFRUUHODWLRQWRWKHVHWSDWKSURJUHVVLRQLWFDQEHIRXQGWKDWWKHWHPSHUDWXUH
GURSLQWKHJDS]RQHRFFXUVFOHDUO\EHIRUHWKHPHDVXUHGVHWSDWKLVHTXDOWRWKHLQLWLDOJDSGHSWK7KLVLQGLFDWHVWKDW
JDSEULGJLQJ LV DFFHOHUDWHG E\ PXOWLSOH HIIHFWV $W ILUVW LW LV REYLRXV WKDW WKH JDS GHSWK LV UHGXFHG E\ HODVWLF
GHIRUPDWLRQ RI WKH XQLQWHUUXSWHG ]RQHV ZKLFK LQFUHDVHV ZLWK WKH WHPSHUDWXUH GXH WR VRIWHQLQJ RI WKH PDWHULDO
)XUWKHUPRUH WKH WKHUPDO H[SDQVLRQ RI WKH SRO\PHUV UHGXFHV WKH JDS GHSWK GXH WR ZDUPLQJ WRR %DVHG RQ WKH
PHDVXUHG VHWSDWK LW FDQ EH IRXQG WKDW D VLJQLILFDQW WKHUPDO H[SDQVLRQ RFFXUV LQ WKH EHJLQQLQJ RI WKH SURFHVV
VHHILJ6LQFH WKH WKHUPDOH[SDQVLRQRFFXUV LQXQLQWHUUXSWHG]RQHVDVZHOODV LQ WKHJDSUHJLRQ WKLVVHHPV WR
KDYHDQHIIHFWRQJDSEULGJLQJ
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,QYHVWLJDWLRQRIJDSEULGJLQJLQDIHPFRPSXWDWLRQXQGHUFRQVLGHUDWLRQRIWKHUPDOH[SDQVLRQ
,QRUGHUWRDQDO\]HWKHHIIHFWRIWKHUPDOH[SDQVLRQRQJDSEULGJLQJDWKHUPRPHFKDQLFDOSURFHVVVLPXODWLRQLV
SHUIRUPHG7KHGHIRUPDWLRQRIWKHMRLQLQJSDUWQHULVWKHUHIRUHFDOFXODWHGXQGHUFRQVLGHUDWLRQRIWKHORFDOVRIWHQLQJ
RIWKHPDWHULDOFDXVHGE\ODVHULUUDGLDWLRQ%\XVLQJDODJUDQJHIRUPXOLVPWRXSGDWHWKHGHIRUPDWLRQRIWKHVWUXFWXUH
ZKLFKLVDYHU\FRPPRQIHPWHFKQLTXHWKHVTXHH]HGPHOWIORZFDQQRWEHPRGHOOHGGXHWRKLJKGLVWRUWLRQVRIWKH
ILQLWHHOHPHQWV
7KHKLJKIHHGUDWHXVHG IRUTXDVLVLPXOWDQHRXV ODVHU WUDQVPLVVLRQZHOGLQJ LQFRPELQDWLRQZLWK WKHVPDOO ODVHU
LQWHUDFWLRQ]RQHQHFHVVLWDWHVDKLJKUHVROXWLRQLQVSDFHDQGWLPHGRPDLQ,QDGGLWLRQWKHHQWLUHZHOGFRQWRXUKDVWR
EH PRGHOOHG LQ RUGHU WR FRPSDUH WKH VLPXODWLRQV ZLWK H[SHULPHQWDO GDWD &RQFHUQLQJ WKLV D KLJK QXPEHU RI
FDOFXODWLRQVWHSVKDYHWREHSHUIRUPHGIRUDJUHDWDPRXQWRIILQLWHHOHPHQWV,QRUGHUWRUHGXFHWKHFRPSXWLQJWLPH
WKHFDOFXODWLRQVDUHSHUIRUPHG IRURQHV\PPHWULF VHFWLRQ)XUWKHUPRUHDRQHZD\FRXSOLQJ LVXVHG LQZKLFK WKH
WKHUPDO VLPXODWLRQ LV SHUIRUPHG DW YHU\ VPDOO WLPH VWHSV ZLWK WLPH GHSHQGHQW HIIHFWV ZKHUHDV WKH PHFKDQLFDO
VLPXODWLRQ ZLWK LPSOHPHQWHG VRIWHQLQJ LV SHUIRUPHG RQO\ DW D FHUWDLQ WLPH LQ D VHSDUDWH PHFKDQLFDO VLPXODWLRQ
HQYLURQPHQW7KHPRGHOOHGJHRPHWU\WKHXVHGYROXPHWULFKHDWHTXDWLRQVDVZHOODVWKHPHFKDQLFDOFRQVWUDLQWVDUH
VKRZQLQILJ

)LJ*HRPHWU\PHFKDQLFDOFRQVWUDLQWVDQGWKHYROXPHWULFKHDWHTXDWLRQVXVHGLQWKHWKHUPRPHFKDQLFDOSURFHVVVLPXODWLRQ
+HDW FRQYHFWLRQ DQG UDGLDWLRQ KDYH VPDOO LQIOXHQFH DQG DUH QHJOHFWHG 7KH FRRUGLQDWHV RI WKH FHQWHU SRVLWLRQ
[\] RI WKH YROXPHWULF KHDW HTXDWLRQ DUH SURJUDPPHG WLPHGHSHQGHQW ZKHUHE\ WKH LQGXFHG KHDW FDQ EH
DVVLJQHG WR WKH ILQLWH HOHPHQWV LQ WKH XQLQWHUUXSWHG ]RQHV DORQJ WKHZHOG FRQWRXU DVZHOO DV LQ WKH JDS ]RQH E\
DGMXVWLQJ WKH FRRUGLQDWHV LQGHSHQGHQFHRQ WLPH7KH WHPSHUDWXUH LV FDOFXODWHG LQ WKH LUUDGLDWLRQSHULRG SRV,±
SRV,,ZLWK UHJDUG WR WKH LQGXFHGKHDW ,Q WKH IROORZLQJ VHTXHQFHRQO\KHDW FRQGXFWLRQ LV FDOFXODWHGZKLOH WKH
ODVHUPRYHVEDFNWRSRV,$IWHUUHSHDWLQJWKLVSURFHGXUHWLPHVWKHWHPSHUDWXUHILHOGLVJLYHQDWWKHVTXHH]HIORZ
WUDQVLWLRQSRLQWLQWLPH,QWKHQH[WVWHSWKHWHPSHUDWXUHILHOGLVLPSOHPHQWHGLQWKHPHFKDQLFDOVLPXODWLRQLQRUGHU
WRFDOFXODWHWKHWKHUPDOH[SDQVLRQ
)LJXUHVKRZVWKHFDOFXODWHGWHPSHUDWXUHOHIWDQGPLGGOHDVZHOODVWKHGLVSODFHPHQWLQWKHJDS]RQHULJKWDW
WKHVTXHH]HIORZWUDQVLWLRQSRLQWLQWLPHIRUWKHZHOGZLWKDJDSGHSWKRIPP
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
)LJ7HPSHUDWXUHILHOGIRUWKHZHOGZLWKDSUHGHILQHGJDSRIPP[PPOHIWDQGPLGGOHDVZHOODVWKHGLVSODFHPHQWEDVHGRQWKHUPDO
H[SDQVLRQULJKWFDOFXODWHGDWWKHVTXHH]HIORZWUDQVLWLRQSRLQWLQWLPH
7KHDEVRUSWLRQLVFRQFHQWUDWHGPDLQO\LQWKHDEVRUEHQWSRO\PHUVHHILJPLGGOHDQGWKHKLJKHVWWHPSHUDWXUHV
DUHUHDFKHG LQ WKHJDS]RQHFORVH WR WKHFHQWHURI WKH ODVHUEHDP&RQVLGHULQJ WKLV LW LVREYLRXV WKDW WKH WKHUPDO
H[SDQVLRQ LQ WKH JDS ]RQH LV VLJQLILFDQWO\ KLJKHU WKDQ LQ DGMDFHQW ]RQHV:LWK LQFUHDVLQJ ODWHUDO GLVWDQFH WR WKH
FHQWHURIWKHODVHUEHDPWHPSHUDWXUHDQGKHQFHWKHUPDOH[SDQVLRQGHFUHDVHV7KHGHIRUPHGPRGHOVKRZVWKDWWKH
JDS JURXQG LV QHDUO\ JHWWLQJ LQ FRQWDFW ZLWK WKH WUDQVSDUHQW SRO\PHU QHDUE\ WKH FHQWHU RI WKH ODVHU EHDP
VHHILJULJKW
%\XVLQJTXDVLVLPXOWDQHRXVZHOGLQJLQWKHVWDQGDUGFRQILJXUDWLRQJDSVZLOOEHFORVHGQHDUE\WKHFHQWHURIWKH
ODVHUEHDPDWILUVWLIDVLJQLILFDQWWKHUPDOH[SDQVLRQRFFXUV)RUWKHKHUHLQXVHGSRO\HWK\OHQHLWFDQEHVWDWHGWKDW
WKH HIIHFW RI WKHUPDO H[SDQVLRQ RQ JDS EULGJLQJ LV H[WUDRUGLQDU\ KLJK &RPSDULQJ WKH VLPXODWHG UHVXOWV WR WKH
H[SHULPHQWDOGDWDLWFDQEHIRXQGWKDWWKHMRLQLQJSDUWQHUVRIWKHZHOGZLWKDJDSRIPPDUHJHWWLQJLQFRQWDFW
HYHQEHIRUHWKHPHDVXUHGVHWSDWKLVHTXDOWRWKHLQLWLDOJDSGHSWK
'HWHUPLQDWLRQRIUHPDLQLQJJDSVDQGHYDOXDWLRQRIWKHPHOWEORZRXW
7KHKLJKWUDQVSDUHQF\RISODVWLFVIRU[UDGLDWLRQHQDEOHVDYROXPHWULFDQDO\VLVRIWKHZHOGVLQ&75HPDLQLQJ
JDSVFDQEHLGHQWLILHGEDVHGRQWKHFKDQJHLQGHQVLW\DWLQWHUIDFHV
)LJXUHVKRZVWKHZHOGVLQDQRUWKRJUDSKLFSURMHFWLRQIURPEHORZWRSDVZHOODVLQDFURVVVHFWLRQERWWRP


)LJ&7SLFWXUHVRIWKHLQYHVWLJDWHGZHOGVLQDYLHZIURPEHORZWRSDVZHOODVDFURVVVHFWLRQDOYLHZLQWKHFHQWHURIWKHJDSERWWRP
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7KHZHOGVZLWKDJDSGHSWKRIPPDQGPPDUHFORVHGZKHUHDVDUHPDLQLQJJDS LVJLYHQIRU WKHZHOG
ZLWKPPJDSGHSWK$FUDWHU LQ WKH DEVRUEHQWSRO\PHURI WKHZHOGZLWKJDSGHSWKPP LQGLFDWHV WKDW WKH
PDWHULDOLVWKHUPDOO\GDPDJHG,QWKHJDS]RQHRIWKHZHOGZLWKDJDSGHSWKRIPPLWFDQEHIRXQGWKDWWKHPHOW
EORZRXWLVQHDUO\LGHQWLFLQIHHGGLUHFWLRQHYHQWKRXJKWKHLQLWLDOJDSJHRPHWU\LVFXUYHG7KLVSKHQRPHQRQLVDOVR
VHHQLQWKHZHOGZLWKDJDSGHSWKRIPPEXWLQDVPDOOHUUHJLRQ2EYLRXVO\VRPHPHOWIURPWKHERXQGDU\RIWKH
JDS LV VTXHH]HG LQWR WKH JDS DQG ILOOV LW SDUWLDOO\$V D UHVXOW WKHPHOW EORZRXW LQ XQLQWHUUXSWHG ]RQHV QHDU WKH
ERXQGDU\RIWKHLQLWLDOJDSLVVLJQLILFDQWO\UHGXFHGFRPSDUHGWRWKHPHOWEORZRXWLQJUHDWHUGLVWDQFHVWRWKHFHQWHU
RIWKHJDSVHHILJWRS
&RQFOXVLRQDQG2XWORRN
,Q WKLV DSSURDFK JDSEULGJLQJ RI TXDVLVLPXOWDQHRXV ODVHU WUDQVPLVVLRQZHOGLQJ LV LQYHVWLJDWHG$ 'VFDQQHU
ZLWKLQWHJUDWHGS\URPHWHULVXVHGWRPHDVXUHWKHWHPSHUDWXUHZKLOHZHOGLQJSRO\HWK\OHQHVDPSOHVZLWKDSUHGHILQHG
JDS)XQGDPHQWDOO\ WKHJDS]RQH LVRYHUKHDWHGGXH WR WKHQRQSUHYDOHQWKHDWFRQGXFWLRQ LQ WKHEHJLQQLQJRI WKH
LUUDGLDWLRQ 7KXV JDSV FDQ EH LGHQWLILHG FOHDUO\ EDVHG RQ D WHPSHUDWXUH SHDN ,W FDQ EH VWDWHG WKDW WKHPHDVXUHG
WHPSHUDWXUHFRXUVHFDQEHVHSDUDWHGLQWRWKUHHVHFWLRQV:LWKLQWKHILUVWVHFWLRQWKHZLGWKRIWKHWHPSHUDWXUHSHDN
DQGKHQFHWKHOHQJWKRIWKHJDSUHGXFHVVWHDGLO\E\SHUIRUPLQJIXUWKHUVFDQUHSHWLWLRQVZKLFKLQGLFDWHVDFRQWLQXRXV
FORVLQJRIWKHJDS7KHJDSGHSWKLVUHGXFHGVLJQLILFDQWO\E\WKHUPDOH[SDQVLRQRIWKHDEVRUEHQWSRO\PHUDWWKHJDS
JURXQGHYHQEHIRUHXQLQWHUUXSWHGUHJLRQVDUHPHOWHGGRZQ$VTXHH]HIORZRIPROWHQSRO\PHURFFXUVE\PHOWLQJ
GRZQ WKH XQLQWHUUXSWHG ]RQHV ZKLFK ILOOV WKH JDS SDUWLDOO\ 7KH SRLQW RI WLPH DW ZKLFK WKH JDS LV FORVLQJ
FRUUHVSRQGV WR DQ LPPHGLDWH GURS LQ WHPSHUDWXUH ZKLFK VHSDUDWHV ILUVW DQG VHFRQG VHFWLRQ 7KH JDS LV DOUHDG\
FORVHGLQWKHVHFRQGVHFWLRQEXWDQLQFUHDVHGWHPSHUDWXUHVLJQDOLQWKHJDS]RQHLVVWLOOJLYHQFRPSDUHGWRDGMDFHQW
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